Design-point and part-load characteristics of a gas turbinesolid oxide fuel cell hybrid micro generation system, of which total power output is 30 kW, are investigated for its prospective use in the small distributed energy systems. A cycle analysis of the hybrid system has been performed to obtain general strategies of highly efficient operation and control. The method of analysis has been compared with previous results, of which power output values are set in the range from 287 to 519 kW. Then, the part-load performance of the 30 kW system has been evaluated. Two typical operation modes, i.e., constant and variable rotation speed gas turbine operation are considered. It is found that the variable speed mode is more advantageous to avoid performance degradation under part-load conditions. Operating under this mode, despite of 10 % adiabatic efficiency drop in the gas turbine components, the generation efficiency can be maintained over 60 % (LHV) in the power output range from 50 to 100 %.
INTRODUCTION
Small distributed generation systems are expected to achieve highly effective energy utilization. Currently, micro gas turbines (µGT) [1] under 100 kW are rapidly spreading in the power generation market. In addition, a concept of much smaller µGT, of which power output is 5 kW, was suggested [2] . Micro gas turbines have a perspective to achieve much higher efficiency as 40 % by introducing a higher turbine inlet temperature (TIT) and higher recuperator effectiveness [3] . However, achievement of much higher efficiency than 40 % with traditional µGT is crucially difficult, while a µGT combined with a solid oxide fuel cell (SOFC) is expected to attain extremely higher efficiency. It has been indicated that µGT-SOFC hybrid systems offer efficiency over 70 % [4] , and it is reported that trial operation of a hybrid system, of which power output is 220 kW, was launched [5, 6] . This study was initiated to establish a strategy to develop much smaller systems to meet increasing energy demands in commer- Table 1 Basic calculation condition cial sectors such as small businesses. As the first step, a design strategy of a 30kW hybrid system was investigated and its conceptual design was reported [7] .
Recently, several hybrid system configurations have been suggested for efficiency improvement. In addition, performance prediction under part-load conditions has been made for the systems, of which power output is over 200 kW [8, 9, 10] . Among them, Magistri et al. [11] proposed a very small gas turbine (5 kW) combined with a SOFC (31 kW), and evaluated its part-load performance.
In this paper, design-point and part-load performance of a 30 kW hybrid system is investigated to find a strategy for highly efficient operation by a presently developed simulation code. A cycle analysis method which includes an empirical part-load characteristic of a small gas turbine is described, and calculation results of a 300 kW hybrid system are compared with the previously reported ones to verify the present analysis method . Performance of a 30 kW hybrid system under two different part-load operation modes, i.e., constant and variable rotation speeds of a gas turbine, are explored. In addition, effect of an operating curve, which gives a relationship between pressure ratio and mass flow rate of a working fluid, on generation efficiency is investigated under a variable speed mode. Figure 1 shows a schematic diagram of a µGT-SOFC hybrid system. This system is based on a conventional recuperative gas turbine cycle with a SOFC as a topping component. The combustor is equipped to completely oxidize residual species included in the anode exhaust gas. This system is fed with methane at an atmospheric temperature and pressure. The reference data in Fig.  1 are extracted from our conceptual design in the best possible case [7] .
SYSTEM CONFIGURATION AND CYCLE ANALYSIS METHOD 2.1 System configuration
In this system, the air compressed and preheated is supplied into the cathode of the SOFC. Oxygen in the cathode outlet air is exploited to burn residual hydrogen, carbon oxide and methane in the anode outlet gas. The effluent from the combustor is expanded in the turbine, and then used in the recuperator to preheat the intake air. In the reformer, methane is pre-reformed with the steam in the anode effluent and the excess heat from the power generation process in the SOFC.
Modelling approach
The present analysis is intended to evaluate overall performance of a µGT-SOFC hybrid system. A thermodynamic cycle analysis of a recuperative gas turbine coupled with an equilibrium calculation of a SOFC is established to predict design-point and part-load performance. We consider mass and energy balance equations for energy conversion processes in all components. Temperatures, pressures and compositions of a working gas at the inlet/outlet of each component are also concerned. Component models are independent of their specific factors, i.e., struc- s  s  e  n  e  v  i  t  c  e  f  f  E  e  r  u  t  a  r  e  p  m  e  T  r  o  t  a  r  e  p  u  c  e  R  5  9  5  8   )  %  (  y  c  n  e  i  c  i  f  f  E  c  i  t  a  b  a  i  d  A  r  o  s  s  e  r  p  m  o  C  3  7  6  7   )  %  (  y  c  n  e  i  c  i  f  f  E  c  i  t  a  b  a  i  d  A  e  n  i  b  r  u  T  0  8  6  8   )  %  (  y  c  n  e  i  c  i  f  f  E  l  a  c  i  n  a  h  c  e  M  T  G  5  9   )  %  (  y  c  n  e  i  c  i  f  f  E  c  i  t  a  b  a  i  d  A  r  e  w  o  l  B  0  7   )  %  (  y  c  n  e  i  c  i  f  f  E  l  a  c  i  n  a  h  c  e  M  r  e  w  o  l  B  0  9   )  %  (  y  c  n  e  i  c  i  f  f  E  c  i  t  a  b  a  i  d  A  r  o  s  s  e  r  p  m  o  C  s  a  G  0  6   )  %  (  y  c  n  e  i  c  i  f  f  E  l  a  c  i  n  a  h  c  e  M  r  o  s  s  e  r  p  m  o  C  s tures of a compressor and turbine, a cell geometry, a stack configuration and a type of a reformer. Theoretical expressions are introduced into the cycle analysis to indicate general characteristics of components. However, empirical relationships developed in previous studies are employed to estimate part-load characteristics of a gas turbine and a voltage drop in a SOFC.
Assumptions for cycle analysis
In the present work, following assumptions are employed to simplify the cycle analysis method.
(1) Steady state operation is considered.
(2) Gases do not leak outside the system. (6) Internal distribution of a temperature, a gas composition and a pressure in each component is not taken into account. (7) The heat for the fuel reforming is supplied from the cell.
(8) Temperatures of the anode outlet, cathode outlet and reformer outlet are all equal to the cell temperature.
(9) In the combustion chamber, the residual chemical species from the anode and injected methane are burnt completely.
Thermodynamic and chemical properties of working fluids are based upon the JANAF tables [12] , except methane [13] .
Micro Gas Turbine 2.4.1 Power output
In calculations of compression and expansion processes, outlet conditions from a compressor and turbine are estimated by assuming an isentropic path and then applying appropriate efficiency to determinate an actual outlet condition for a given set of an inlet condition. Adiabatic efficiency (same as "isentropic efficiency") is exploited to evaluate irreversibility in the compressor and turbine, so that we can obtain the actual outlet enthalpy. Taking into account the power consumption in the fuel gas compressor and efficiency of the rotating components, the power output of the gas turbine can be obtained by the following equation:
Recuperator effectiveness
During part-load operation, the heat transfer area is unchanged, thereby the temperature effectiveness is changed with the flow rate of the working fluid. However, the Nusselt number is assumed to be constant under the following assumptions:
-the fluid flow in the recuperator is laminar, -the thermal conductivity of working fluid is constant. In our previous work [7] , the values of the Reynolds number at the design-point are estimated 216 for the air flow and 214 for the combustion gas flow, respectively. Based on these, the overall heat transfer coefficient becomes constant. As a result, the temperature effectiveness of the recuperator in counterflow arrangement η R can be estimated as follows [14] :
C m c m c
where K r is the overall heat transfer coefficient, A r is the heat transfer area, m air is the air mass flow rate, c pair is the air specific heat, m cg is the combustion gas mass flow rate, and c pcg is the combustion gas specific heat, respectively.
Rotation speed
To estimate a rotation speed of the radial turbine, its peripheral speed, u, should be calculated. This is estimated by the following approximation based on a frequently used guideline [14] :
where ∆h 0 is the stagnation enthalpy change in the turbine. Then, the rotation speed can be estimated as follows:
Solid Oxide Fuel Cell 2.5.1 Reformer
In the reformer, hydrogen and carbon oxide are produced from methane and steam. The reforming/shifting reaction below are assumed. Reforming:
Shifting:
Reforming and shifting processes proceed simultaneously. Heat absorbed into reforming reaction is greater than released heat from shifting reaction. Then, overall reaction in a reformer is endothermic.
The heat required for the overall reforming reaction Q ref can be obtained from energy flows into and out of the reformer. The steam/carbon ratio, S/C, is defined as the mole fraction of steam in the recirculated anode exhaust gas to supplied methane as:
Nernst voltage
In the cell, hydrogen and carbon oxide react, and the electric power is simultaneously generated through the following electrochemical oxidation processes:
Carbon oxide:
In the present analysis, reaction in the SOFC is assumed to proceed to the equilibrium state. Using ∆G H2 , which represents the change of the Gibbs energy before and after the reaction of hydrogen, the Nernst voltage is obtained as follows:
Equation (12) can be transformed into the following expression by using the equilibrium constant K H2 and mole fractions.
. (13) Currently, there are uncertainty and arguments whether electrochemical oxidation of carbon oxide proceed in the SOFC or not. However, in the present analysis, we assume that carbon oxide is electrochemically oxidized in the anode [15] :
Reaction heat is obtained from the data of the formation enthalpy in JANAF table [12] , except methane [13] . Using these fundamental data, the Gibbs energy can be calculated. Then the equilibrium constants are obtained from the Gibbs energy, the universal gas constant and the reaction temperature. The fuel and oxygen utilization factor are defined as follows, respectively:
It is assumed that the reaction amount of carbon oxide is determined to satisfy V H2 =V CO [7] .
Overpotential
In an actual cell, the net voltage is usually lower than the Nernst voltage due to overpotential of activation, concentration and ohmic polarization. It is assumed that the effect of the concentration polarization is negligibly small against the effects of the other polarization. This assumption is considered to work well, because diffusions of reactants through electrodes are sufficiently fast under high temperature operation [8] . The activation overpotential is estimated by the previously suggested approximation of the Butler-Volmer's equation reported by Nagata et al. [16] . The resistivity of the cell component materials can be calculated by the equations developed by Bessette et al. [17] .
SOFC power output
Considering the activation overpotential and ohmic loss, the net voltage of the cell is calculated as:
The generated current is directly obtained from the amount of the reaction species. The power output of the SOFC, W' SOFC , is calculated from the net voltage and current. The efficiency of the power conditioning unit and the power for the SOFC auxiliaries, i.e., the fuel compressor and anode gas recirculation blower should be considered. Thus, the net power output is obtained as follows:
2.5.5 SOFC energy balance From the total inlet enthalpy H in and the reaction enthalpy change ∆H cell , the total cell exit enthalpy H out is obtained as:
Assuming that the anode and cathode outlet temperatures are equal, they are obtained from H out . We can derive the fuel consumption in the SOFC for a certain cell temperature by iterative calculations. Part of the anode exit gas is recirculated and exploited to supply the reforming reaction with steam. The flow rate of recirculated gas is determined from the required S/C ratio.
Overall System Efficiency
In the present analysis, based upon the total power output and the total energy input estimated from the lower heating value of methane ∆H CH4 , the power generation efficiency of the overall system η sys is defined as follows:
COMPARISON WITH PREVIOUS ANALYSES 3.1 Design-point analysis
As a preliminary assessment of the cycle analysis method, the design-point performance is discussed in this subsection. The cycle analysis with respect to a 300 kW hybrid system, of which configuration is represented in Fig. 1 , is performed with calculation input specified in Table 1 . An example of the calculation results, i.e., temperatures at the relevant cycle points and the energy conversion in each component are shown in Fig. 3 .
Under the design-point condition, the generation efficiency is expected to be nearly 63 %. The turbine outlet temperature seems to be high (798 o C) for an ordinary metallic recuperator because of the high TIT (1100 o C). However, in the Japanese ceramic gas turbine R&D program [18] , it is reported that a platefin type metallic recuperator can be operated at 832 o C. Earlier work done by other workers and present results, of which power output values are set in the range from 287 to 519 kW, are summarized in Table 2 . This range of the total power output is selected as a distributed power generation application. The Conditions of pressure ratio are set to be approximately 3.0~3.5. The operating temperatures of the SOFC is around 900 o C. The results of overall efficiency fall in the range from 57 to 65%, and the power output ratio of µGT to the total is around 15~30 %. These minor disagreement are considered due to the different system configurations and calculation input, i.e., current density, adiabatic efficiency, TIT and so on, so that the present analysis method should be equivalent to those developed by other workers.
Part-load analysis
Recent advancement in a field of power electronics devices has made it possible to precisely control power output of an electric generator. This progress enables us to apply variable speed control technique to gas turbine operation. In the previous work [8, 9, 10, 11] , variable speed technique is considered to obtain even more efficient operation of hybrid systems.
Performance prediction of small turbomachines with solely mathematical and physical description is difficult, and empirical knowledge should be exploited in any system simulation. In the most of previous work [8, 9, 10] Table 2 Comparison of design-point performance This evaluation method is also employed in the present work.
From the above requirement, the operating line on the compressor map discussed in previous work [9] is introduced into the present analysis. Figure 4 represents the operating line, and (I) is the so-called standard line [9] . The corrected mass flow rate m r is defined as follows:
where m c is the air flow rate, and T, P are the suction temperature and pressure, respectively. On the other hand, instead of the pressure ratio, the corrected enthalpy change ∆h r is used. Its definition is given as follows:
where c p0 is the specific heat at the ambient temperature, and ∆h re is the real enthalpy change. In Eqs. (21) In addition to the above, two pairs of adiabatic efficiency are assumed as shown in Table 3 . The cases (A) and (B) are the design condition and assumption of 10% degradation, respectively. If the adiabatic efficiency degradation is kept within 10 %, the part-load operating point stays in the region between two performance curves of (A) and (B). The part-load performance of the SOFC is considered to depend on the voltage drop caused by polarization. The net voltage can be estimated by Eq. (17), and we can understand that the smaller current density gives the smaller voltage drop. The current is determined by the energy balance of the SOFC based upon its operating conditions, i.e., the electrical load, the fuel flow rate, the operating temperature and pressure. Since the effective cell area is assumed to be constant, the current density is reduced in proportional to the current. Under part-load conditions, the electrical performance of the SOFC is theoretically improved by the reduction of the current density.
As the fuel flow rate decreases, the SOFC must be able to oxidize more fuel, i.e., the fuel utilization should be increased at a lower load. However, the investigation of the electrochemical reaction kinetics in the SOFC is beyond the scope of this paper, Table 3 Condition of component effciency hence it is assumed that the fuel utilization factor is kept constant at 0.80 during part-load operation.
Regarding auxiliaries such as the fuel compressor and the anode gas recirculating blower, their adiabatic and mechanical efficiency are fixed at the design values. Likewise, energy conversion efficiency of the generator, the inverter and the DC/AC converter are assumed to be constant at the design-point values.
In Fig. 5 (a) , in the partial output range from 80 to 100 %, the generation efficiency estimated in the previous work of Costamagna et al. [8] and Campanari [9] slightly increase with decreasing electrical load, whilst the present result remains almost constant efficiency. This seems to be caused by the synergistic effect of the following factors: -the reduction of the voltage drop, -the improvement of the recuperator effectiveness, -the component efficiency degradation except the recuperator. Below 80 % partial load, the generation efficiency is decreased together with the power output. The degradation rate of present result is smaller than the estimation of Costamagna et al. [8] . This difference is probably due to the different system configurations and operating conditions. Figure 5 (b) shows the relation between the electrical load and the rotation speed, the latter of which is estimated by Eq. (6) . The change of the rotation speed is limited by the operating line. It is found that the result of Palsson and Selimovic [10] has a larger reducing rate against the other results. This noticeable difference in the rotation speed is believed to be due to the different characteristic maps of the compressor and turbine.
Figure 5 (c) shows the variation of the oxygen utilization factor in the cathodic electrode. The estimates in the present work are similar to the previous ones in spite of assuming the different fuel utilization factors. This means that the ratio of the air flow rate to the fuel consumption is almost comparable among all the cited results.
The variation of the current density is shown in Fig. 5 (d) . The present design-point value (3000 A/m 2 ) is the smallest among the three cases, and all present values are substantially smaller than those of Costamagna et al. [8] . Figure 5 (e) shows the estimated cell voltage in the present work. It is found that the Nernst voltage is around 0.9 V at the design point. Likewise, the net voltage is estimated to be around 0.67 V. This level is in an agreement with a recent SOFC technology [19] . Under part-load conditions, the theoretical voltage seems to be slightly decreased together with the pressure ratio, whereas the net voltage is increased by the reduction of the current density.
PERFORMANCE EVALUATION OF 30 KW HYBRID SYSTEM AT PART-LOAD OPERATION 4.1 Calculation condition
In this subsection, part-load characteristics of the 30 kW hybrid system, which is conceptually designed in our previous work [7] , are discussed. Two typical operation modes, i.e., constant and variable speed operation, are taken into account. Calculation conditions of all the components are fixed at each designpoint value summarized in Table 1 , and the operating line (I) cited in Fig. 4 is employed in the present analysis. The adiabatic efficiency of the compressor and turbine under the variable speed operation are assumed to be constant in two cases of the designpoint and 10 % degradation as shown in Table 4 .
The design-point efficiency of the present system indicated in Fig. 1 is much higher than that of the previous result discussed by Magistri et al. [11] , because the present analysis is based on the best possible component performance to be achieved in the future, i.e., T cell = 1000 o C , TIT = 1150 o C and η R = 95 %. Table 5 shows the calculation result of the anode inlet gas composition at the design point. The residual methane ratio is kept to be sufficiently small due to the high reforming temperature.
Results and discussions
In order to keep the rotation speed constant, the pressure ratio and TIT should be maintained to be constant during the partload operation (Fig. 6 (a) ), since the rotation speed depends on the enthalpy drop in the turbine. In this case, the power output of the µGT is almost constant (Fig. 6 (b) ); namely, this operation is regarded as a constant µGT power operation. Then, the total power output is solely regulated by the SOFC power output. Under the variable speed conditions, the pressure ratio is changed along the operating line. Thus, the rotation speed is decreased with decreasing power output (Fig. 6 (c) ), and it reaches around 85 % of the design-point value at 50 % partial load.
In Fig. 6 (d) , assuming the constant adiabatic efficiency of the compressor and turbine, the variable speed mode offers the almost constant generation efficiency. Note that it is maintained over 60 % (LHV) in the power output range from 50 to 100 %. In contrast, the generation efficiency of the constant speed mode is reduced with decreasing power output. These noticeable differences are considered to be due to the operating condition of the SOFC, i.e., the operating temperature reduction.
Under the constant speed operation, the reduction of the SOFC fuel input leads to the decrease of the cell stack temperature as shown in Fig. 6 (e) . Despite of the fuel reduction, the constant speed operation gives the almost constant suction air flow rate and pressure ratio, and thereby the cell stack temperature is decreased to satisfy the energy balance provided by the expression (19) . As shown in Fig. 6 (f) , this results in the fact that the combustor fuel input should be increased to elevate the temperature of the SOFC effluent to the targeted TIT (1150 o C). Similarly, the oxygen utilization factor of the constant speed is smaller than that of the variable speed as also shown in Fig. 6 (e) . This means that the air is excessively supplied to the cathode and its amount is unsuitable to the fuel input. The above mentioned fact is likely one of the major reasons for the generation efficiency reduction. It is pointed out that the cell stack temperature strongly affects the performance of the fuel reforming process. The excessive temperature drop of the cell stack leads to the incomplete internal reforming. On the other hand, under the variable speed operation, the cell stack temperature can be kept constant at the full load value. The additional fuel into the combustor is held quite small. As a result, under the part-load conditions, the generation efficiency of the variable speed is higher than that of the constant speed.
As described above, the performance degradation under the constant speed conditions should be due to the temperature drop of the cell stack. Being associated with this, the overpotential is simultaneously increased. However, as the data in Fig. 6 (g) indicate, the net voltage is maintained at the same level as expected from the constant cell stack temperature, since the theoretical voltage is significantly increased with decreasing cell stack temperature. The turbine outlet temperature are shown in Fig. 6 (h) . Under the variable speed operation, the turbine exhaust temperature is increased with decreasing power output due to the reduction of the pressure ratio (Fig. 6 (a) ). From a view point of thermal endurance, a materials selection of a recuperator [20] is a difficult issue for actual variable speed operation. Figure 6 (i) shows the temperature and mass flow rate of the combustion gas discharged from the hybrid system. Under the constant speed operation, the exhaust temperature is kept around 300 o C, and the flow rate is also nearly constant. These characteristics result from the constant pressure ratio and TIT. Under the variable speed operation, the exhaust temperature and flow rate are simultaneously reduced with decreasing power output. The temperature is decreased to under 250 o C at 50 % of the total power output. In the latter case, the flow rate of the working fluid is significantly decreased with the load reduction. Then, in the recuperator, the heat recovery from the turbine effluent is increased, because the recuperator effectiveness is improved by the reduction of the air flow rate. Thus, the temperature of discharged gas is decreased together with the power output. However, in both cases, the temperature levels are high enough for hot-water supply, space heating and cooling in commercial sectors.
Effects of operating line
In this subsection, the effect of the operating line on the system performance is explored. Figure 7 shows the part-load characteristics obtained by using the operating lines depicted in Fig. 4 . The compressor and turbine adiabatic efficiency are fixed at each design-point value, respectively. The line (I) represents the performance criterion, whilst the line (IV) is based on the constant air mass flow rate condition. Approaching the constant flow rate line of (IV), namely the operating condition closes to that of the constant speed mode, the system performance is deteriorated. In other words, the smaller flow rate condition provides much higher efficiency under the same pressure ratio (Fig. 4) . The effect of this characteristics is emphasized under the even more smaller power output. However, keeping the pressure ratio constant with decreasing flow rate, the operating point approaches the surge line.
The stable compressor operation is possible only in the region below the compressor surge line shown in Fig. 4 . While the operating line is separate from the surge line, the operating point can be temporarily in the surge region during an acceleration period. A small gas turbine and its control system must be developed to avoid a surge with a sufficient design margin. For this purpose, it will be mandatory to establish an analysis method of dynamic behavior of hybrid systems. 
CONCLUSIONS
Performance evaluation of a µGT-SOFC hybrid system including part-load operation is made in the present work. The following major conclusions are derived: (1) A cycle analysis method is verified by favorable comparison of our results with the others in the literature. The present analysis method has sufficient capability to evaluate performance of hybrid systems under various partial conditions.
(2) The part-load performance of a 30kW hybrid system, which was conceptually designed, is predicted. Under the part-load conditions, the variable speed operation is superior to the constant speed operation. While the adiabatic efficiency of the gas turbine components is by 10 % degraded, the variable speed operation has the potential to keep the generation efficiency over 60 % (LHV) in the power output range from 50 to 100 %. By using a higher temperature recuperator, a variable speed mode is recommended as a strategy for high performance part-load operation. However, it is noted that exhaust heat of constant speed operation is more adequate for thermal energy supply.
(3) An operating line, namely a matching condition of a compressor and other downstream components, significantly affects system performance. System efficiency is increased when approaching a surge region. However, operating near a surge line causes significant problems of compressor instability. The operating line should be located off a surge zone with a sufficient margin.
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